The emerging field of plasmonics represents a promising avenue toward realizing the confinement and control of light at subwavelength dimensions. The harnessing of localized surface plasmons confined to the surfaces of subwavelength metal particles in particular has found applications in fields including biosensing [1, 2] , optical antennas [3] , and enhanced optical spectroscopy [4] . The breadth of applications has been hindered in part by the limited tunability of such localized surface plasmon resonance (LSPR) modes, which are fixed in traditional noble metal nanoparticles by the particle shape, size, carrier density, and surrounding dielectric environment [5, 6] . Recent work [7] [8] [9] [10] [11] on LSPR modes in highly doped semiconductor nanocrystals, however, has enabled the active tuning of LSPR modes using chemical [7, 8] , optical [10] , and electrical [11] stimuli via variation of the carrier density. The influences of both crystallographic and electronic structure on such resonances, however, remain largely unexplored, and methods for plasmon tuning compatible with integrated photonic devices are currently lacking. Here, we report the observation of a mid-infrared LSPR mode in the phase-change semiconductor germanium telluride (GeTe), which undergoes rapid switching between amorphous and crystalline forms [12, 13] . Both amorphous and crystalline GeTe nanoparticles of similar size are prepared and plasmons are subsequently detected with Fourier transform infrared spectroscopy (FTIR). The prominent LSPR mode, present in the crystalline particles but absent in amorphous ones, can be recovered in amorphous particles through rapid crystallization. These optical absorption measurements are consistent with the results of electrodynamic simulations performed using the Mie theory. The ability to switch GeTe between phases using either optical or electrical stimuli on nanosecond time scales opens the possibility of ultrafast, nonvolatile control of plasmonic modes in a manner compatible with existing nanoelectronic and nanophotonic chips. The contrasting behavior of amorphous and crystalline samples is illuminated with scanning tunneling spectroscopy (STS) studies of individual nanoparticles of both forms, which reveal profound differences in electronic structure, manifested in a large Burstein-Moss shift of the band edge in the crystalline state and abundant deep trap levels in the amorphous form that reduce the effective free carrier density and quench the plasmon resonance. This work elucidates the role of physical and electronic structure on plasmonic properties and provides both a probe of this important phase transition and a potential route to ultrafast active plasmonic components that can be readily integrated with current device architectures.
Germanium telluride has been widely investigated for its applications in nonvolatile phase-change memory devices [12, 14] and its ferroelectric properties [15, 16] . A semiconductor with a band gap of $0:2 eV, bulk GeTe is highly nonstoichiometric with a density of Ge vacancies exceeding 10 20 cm À3 , leading to a hole density on the order of 10 21 cm À3 , comparable to that determined for plasmonic Cu 2 S and Cu 2 Se nanocrystals investigated previously [7, 8, 17] .
Nearly monodisperse GeTe nanoparticles have been prepared in both amorphous and crystalline forms previously using colloidal techniques [18] [19] [20] . The crystalline GeTe nanoparticles employed here were synthesized following a previous report [18] , and the amorphous particles were prepared using a modification of this procedure. Details of the syntheses are provided in the Supplemental
Material [21] . Nanoparticles of both phases were characterized structurally using transmission electron microscopy (TEM) and electron diffraction (ED) (Fig. 1) . High-resolution TEM images of the amorphous particles Films of particles of both phases were characterized using FTIR in attenuated total reflectance (ATR) mode (Fig. 2) . Poor solubility in the few solvents lacking strong IR absorption bands hindered measurements of particle solutions. The optical absorption spectrum of amorphous particles [ Fig. 2(a) ] reveals a gradual absorption onset beginning near $0:3 eV and a series of sharp peaks near 0.35 eV from the C-H stretch of the 1-dodecanethiol ligands [22] . A broad feature between 0.4 and 0.45 eV attributable to the ligands is also evident. The absorption spectrum of the crystalline particles [ Fig. 2(c) ], in contrast, includes a prominent, nearly Gaussian peak near $0:5 eV with a linewidth of approximately 0.25 eV. This feature closely resembles the LSPR peaks observed previously for copper chalcogenide samples and is in strong agreement with the position of the free carrier absorption onset observed in bulk GeTe [23] . Temperature-dependent FTIR measurements (see the Supplemental Material [21] , Fig. S3 ) show no significant changes in peak intensity or position from 80 to 300 K, inconsistent with excitonic absorption but consistent with the minimal temperature dependence of the free hole concentration and nonradiative plasmon damping in GeTe [17] . The proximity of this LSPR peak to the ligand features raises the possibility of coupling between plasmon modes and molecular vibrations.
Evidence for the plasmonic origin of this feature can be obtained in part from electrodynamic calculations [24] . Fig. 2(b) ], only a gradual absorption onset can be observed. Similar behavior is observed for the crystalline particles [ Fig. 2(d) ] without the Drude contribution, with the exception of a lower energy for the absorption onset. Inclusion of the Drude contribution with a free carrier density of 1:5 Â 10 21 cm À3 , however, results in the appearance of a prominent peak at $0:5 eV with a linewidth of $0:2 eV, in strong agreement with the experimental absorption spectrum. Our best-fit free carrier concentration is close to the range (1:0-1:5 Â 10 21 cm À3 ) measured in past studies on GeTe [17] , strengthening our LSPR assignment. No significant Drude contribution is present for amorphous GeTe [25] .
Further evidence for the plasmonic origin of the absorption feature in Fig. 2 (c) and a demonstration of potential for active plasmonic devices can be obtained through crystallization of amorphous nanoparticles. Films of amorphous nanoparticles were heated to 250 C under argon for 20-60 sec to induce crystallization, and the particles were subsequently redispersed. Films measured prior to heating reveal an ATR-FTIR absorption spectrum matching that of Fig. 2 
(a). Heating for increasing time intervals above the crystallization temperature ($145
C in the bulk) [26] results in the gradual appearance of a nearly Gaussian absorption feature centered around $0:45 eV with a linewidth of $0:25 eV (Fig. 3) , consistent with spectra for originally crystalline particles. These experiments effectively rule out organic or other contaminants as a source for this feature and demonstrate phase-change switching of the LSPR mode. Measurement of the same batch of nanoparticles before and after crystallization also excludes stoichiometric differences as a source of the difference between material phases. The slow increase in LSPR absorption with crystallization time is likely attributable to slow heat diffusion through the substrate; in situ crystallization experiments in the TEM described earlier allow crystallization with millisecond-scale heat pulses. Much faster switching of the LSPR mode is thus likely to be possible under appropriate conditions. Future ultrafast laser switching experiments may facilitate fast crystalline-to-amorphous phase switching and reversible on-off switching of the LSPR mode.
The origins of the contrasting plasmonic properties of amorphous and crystalline GeTe nanoparticles can be explored using STS, which provides a means of deciphering the density of states (DOS) in quantum dots and allows direct resolution of electronic wave functions [27] . STS measurements were performed with the tip positioned over individual amorphous and crystalline GeTe nanoparticles on Au (111) substrates (see the Supplemental Material [21] , Figs. S4, S5) in a double barrier tunnel junction configuration [27] [28] [29] . When the tip is retracted such that the tunneling resistance across the tip-dot junction is greater, and the capacitance is smaller, than the resistance and capacitance across the dot-substrate junction, the tunneling conductance dI=dV vs V accurately reflects the DOS of the dot [27, 29] . STS spectra (Fig. 4) reveal pronounced differences in the DOS for the two particle types. STS spectra for the amorphous particles reveal a substantial finite DOS extending throughout the gap of approximately 1.0 eV. These spectra indicate that the amorphous GeTe particles retain the characteristic electronic structure of bulk amorphous material down to nanometer-level domain sizes. STS spectra for the same originally amorphous particles crystallized by heating under nitrogen, in contrast, show a welldefined band gap of approximately 0.4 eV without midgap states, substantially smaller than that for the amorphous particles.
Comparison of the STS spectra with optical absorption spectra demonstrates a significant difference in the apparent band gap for crystalline particles. For direct comparison between optical spectra and STS data, the gap obtained from optical data must be corrected for the electron-hole Coulomb interaction by 1:8e 2 ="r, in which " is the dielectric constant and r the particle radius [27] . The corrected gap measured by optical means ($ 0:8 eV, see the Supplemental Material [21] , Fig. S6 ) greatly exceeds that measured by STS, which ranged between 0.35 and 0.45 eV in the seven crystalline particles measured. These data suggest a Fermi level lying approximately 0.4 eV inside the valence band, consistent with bulk GeTe with a hole density of $10 21 cm À3 [30] . This observation is consistent with the interpretation of the absorption feature in Fig. 2(c) as a LSPR mode and with Mie theory simulations. The Burstein-Moss shift is not observed in the STS spectra due to the cotunneling process in the double barrier tunnel junction. Here, electrons first tunnel from the nanocrystal conduction band to the substrate, followed by electron tunneling from the tip to the nanocrystal without violating the Pauli exclusion principle. The disappearance of the plasmon peak in the amorphous phase can be rationalized with reference to the DOS plot in Fig. 4(c) . The finite DOS in the gap provides abundant deep trap levels that limit the effective free carrier density. In addition, the observed electronic disorder can be expected to severely limit carrier mobilities, increasing the linewidth and completely damping a potential LSPR mode.
This work demonstrates the presence of a localized surface plasmon mode in colloidal GeTe nanocrystals. Switching of the LSPR is demonstrated through manipulation of the amorphous-crystalline phase transition. The presence (absence) of this LSPR mode is rationalized through scanning tunneling spectroscopy of crystalline (amorphous) particles. We observe a strong BursteinMoss shift of the band gap for the crystalline phase due to degenerate p-type doping whereas extensive midgap states are seen in the amorphous phase that reduce the effective free carrier density. This work relates physical and electronic material structure to plasmonic phenomena and provides a potential means of achieving rapid, nonvolatile control of plasmons using thermal, electrical, or optical stimuli.
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